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Genomic Scale Mutant Hunt Identifies Cell Size
Homeostasis Genes in S. cerevisiae
tionship between cell size and proliferative capacity was
first demonstrated in amoebae [4]. Repeated cyto-
plasmic amputation prevented a single amoeba from
Jian Zhang, Colette Schneider, Lisa Ottmers,
Robert Rodriguez, Audra Day, Jody Markwardt,
and Brandt L. Schneider1
Department of Cell Biology and Biochemistry dividing for 6 months, while a control amoeba divided
65 times [4]. While these experiments suggest that cellTexas Tech University Health Sciences Center
Lubbock, Texas 79430 size regulates proliferation, the mechanisms responsi-
ble for this phenomenon are not well understood. In
addition, the isolation of temperature-sensitive cell cycle
division (cdc) mutants helped elegantly demonstrate theSummary
complex relationship between cell growth and division
[5]. The majority of cdc mutants block cell division with-Background: In most eukaryotic cells, there is a relation-
out blocking cell growth, thus causing cells to becomeship between cell size and proliferative capacity. For
abnormally large. This illustrates that cell growth is notexample, in order to commit to cell division, the yeast
dependent upon proliferation, but that in order to main-Saccharomyces cerevisiae must attain a “critical cell
tain cell size homeostasis, cells must coordinate cellsize.” This mechanism coordinates growth with cell divi-
growth with division. Clearly, CDC gene products aresion to maintain cell size homeostasis. Because very few
involved in this process, but it is still not clear how cellcell size control genes are known, the genetic pathways
growth signals to the cell division machinery.responsible for cell size homeostasis remain obscure.
Physiological studies in the budding yeast revealedFurthermore, elucidation of the mechanism of cell size
that cell size homeostasis is controlled at the G1/S-homeostasis has been recalcitrant to genetic analysis
phase boundary called START primarily by preventingprimarily due to the difficulty in cloning cell size control
cell division until a “critical cell size” is attained [4, 5].genes.
Loss-of-function mutations in four S. cerevisiae genes,Results: To identify new size control genes, the effect
BCK2, CLN3, WHI2, and WHI3, result in abnormally sizedof 5958 single gene deletions (4792 homozygous and
cells [6–10]. Cells lacking CLN3 or BCK2 delay the ex-1166 heterozygous gene deletions) on cell size in yeast
pression of the G1-phase cyclins, CLN1 and CLN2,grown to saturation was systematically determined.
which leads to abnormally large cells. Also, loss of func-From these data, 49 genes were identified that dramati-
tion of two transcription factors, Swi4 and Swi6, disruptscally altered cell size. Of these, 34 are involved in tran-
the normal expression patterns of CLN1 and CLN2,scription, signal transduction, or cell cycle control; 88%
which results in large cells with altered growth rates. Inof these genes have putative human homologs. Sixteen
contrast, loss of function of WHI2 or WHI3 upregulatesgenes regulate cell size in a dosage-dependent manner,
the transcription of CLN1 and CLN2, which results inand the majority of mutants identified fail to correctly
abnormally small cells [10–12]. In addition, two dominantexit the cell cycle. Many of these genes are components
gain-of-function mutations, CLN3-1 and CLN2-1, pro-of Ccr4-Not transcriptional complexes or function in the
mote premature cell division and make cells small byPKC-MAP kinase pathway. These genes may modulate
lowering the “critical cell size” requirement for STARTcell size by altering the expression or activity of G1-
[7, 13]. Thus, all of the currently known cell size controlphase cyclins.
genes directly or indirectly affect the expression or activ-Conclusions: These results illustrate how systematic
ity of G1-phase cyclins, demonstrating the integral rolegenetic screens can be used to dissect intricate biologi-
of cell cycle regulation and G1-phase cyclins in cell sizecal processes that are refractory to classic genetic ap-
control.proaches. This genomic-wide genetic screen yielded 46
Cells modulate their size according to current growthnew cell size mutants and systematically assessed the
conditions. Slowly growing cells tend to be smaller thaneffect of 5958 single gene deletions on cell size as cells
rapidly growing cells [14]. The mechanism responsibleexited the cell cycle.
for this response is not well understood. However, it
is likely that this mechanism exists to allow cells to
Introduction proliferate under less than optimal environmental condi-
tions. While it is known that nutrient-sensing signal
Despite the fact that organisms display an almost in- transduction pathways and G1-phase cyclins affect the
comprehensible range of sizes, it is striking that cells ability of cells to exit the cell cycle, next to nothing is
themselves, in a given biological context, are quite uni- known about the mechanisms that prevent cell growth
form in size [1]. The final adult size of most animals is in stationary phase despite the presence of sufficient
developmentally programmed, and the normal size and nutrients and growth factors [1]. Thus, the coordination
proportions of nearly all organs, limbs, and anatomical of cell growth with cell division is not only essential in
structures is intrinsically determined [2, 3]. The majority dividing cells, but it also has a major role in the appro-
of this intrinsic program is regulated through the precise priate entry and exit of cells from stationary phase and
control of cell number and cell size [2, 3]. A direct rela- has significant health implications in the areas of carci-
nogenesis, development, tissue regeneration, and aging.
Cell size homeostasis, established through the coordi-1Correspondence: brandt.schneider@ttmc.ttuhsc.edu
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nation of cell growth with cell division, is a fundamental identified. Of these, 20 mutants were dramatically
smaller (whi) and 29 mutants were dramatically largerbiological problem in a wide variety of metazoan species
[1, 3, 4, 15–19]. Recent exciting research has uncovered (uge) than wild-type cells (Tables 1 and 2). An example
of the cell size plot of a whi mutant, ada1, and an ugeconserved genetic pathways that regulate cell size in
fruit flies, nematodes, plants, and mice. Evidence sug- mutant, spt10, is shown (Figure 1C). Thus, less than 1%
(49/5958 0.8%) of genes in the yeast genome severelygests that, as in yeast, G1-phase cyclins are down-
stream effectors in these pathways [2, 3]. Although ge- affect cell size. Microscopic analysis of mutants con-
firmed the cell size defects.netic studies have identified some cell size control
pathways, the molecular links between cell division, cell Importantly, three of the four known cell size genes,
BCK2, CLN3, and WHI2, were identified. Deletion of thegrowth, and G1-phase cyclin expression remain obscure
[1, 3, 4, 15–17, 19]. In addition, it is not currently under- fourth known cell size gene, WHI3, resulted in small
cells, but they were not small enough to be classifiedstood how a cell senses its size, how nutrient signals
are transduced to G1-phase Cdks, or how G1-phase as whi mutants by these criteria. The more moderate
effect of WHI3 deletions on cell size has been recentlyCdks regulate the size at which cells commit to division.
In this study, the identification of 46 new genes in- confirmed [22]. Similarly, it was found that swi4 deletions
were abnormally large, but not large enough to be la-volved in the coordination of cell growth with division
is reported. Of these, 34 are involved in transcription, beled uge mutants by these criteria. In addition, some
deletions were not classified as cell size mutants be-signal transduction, or cell cycle control, and 88% of
these genes have putative human homologs. The identi- cause they dramatically altered the rate of cell prolifera-
tion or they failed quality control checks (e.g., sfp1 orfication of these genes provides new opportunities for
those interested in the elucidation of the molecular swi6; see the Supplementary Material). Of the 49 cell
size mutants presented here, 9 mutants had genes withmechanisms of cell size control.
unknown function. Of the remaining mutants, 85% (34/
40) clustered into three functional groups: transcrip-
Results tional regulation, signal transduction, and cell cycle reg-
ulation [23] (Tables 1 and 2). Importantly, of the mutants
Genomic-Wide Genetic Cell Size Screen involved in signal transduction, 100% (7/7) had putative
The complete set of homozygous and heterozygous S. human homologs (Tables 1 and 2). Likewise, 84% (16/
cerevisiae deletion strains was obtained [20]. To identify 19) and 87% (7/8) of the mutants involved in transcription
new cell size mutants, the size of 5958 single gene dele- and cell cycle control, respectively, had putative human
tion strains (96% of the genome) grown to saturation homologs (Tables 1 and 2).
was determined (Figure 1). The majority of known cell
size control genes have size phenotypes in logarithmic
and saturated cultures, but a few have phenotypes only Ccr4-Not Complexes, Signal Transduction
Pathways, and Cell Size Homeostasisin saturated cultures [10, 21]. Thus, it was reasoned
that, by initially sizing saturated cultures, both types of Four of the mutants identified in this screen, bck2, cln3,
paf1, and whi2, affect the transcription of the G1-phasemutants would be detected. In fact, 20% (10/49) of the
mutants identified demonstrated phenotypes only in cyclins CLN1 and CLN2 [23]. The CLN1, CLN2, and HO
promoters are coregulated in yeast [24, 25]. Anothersaturated cultures (Tables 1 and 2).
The distribution of cell size in wild-type yeast is rarely eight mutants, ada1, ace2, anc1, ccr4, hpr1, pho2, spt3,
and srb8, affect the expression of the HO promoter [23].a normal curve, but rather is frequently a right-skewed
curve. In normal curves, mean (average size), median Interestingly, the gene products of five uge mutants,
ccr4, hpr1, paf1, pop2, and rlr1, physically interact with(size at which half of the distribution is smaller and half
is larger), and mode (most frequently occurring size) cell or are components of Ccr4-Not complexes [26]. Four
essential gene products, Cdc36, Cdc39, Cdc68, andsizes are identical. However, in right-skewed curves,
mode and median values can be smaller than mean Cdc73, that are required for G1- to S-phase cell cycle
progression are associated with Ccr4-Not complexesvalues. To correct for these differences, mean, median,
and mode cell sizes were obtained for all mutants. From [23, 26]. Loss of function of Cdc36, Cdc39, and Cdc68
results in a dramatic decrease in CLN2 mRNA transcrip-these data, the average mean, median, and mode sizes
were calculated (Figure 1A). Wild-type cells grown to tion that is equivalent to or greater than that observed
in cdc28 mutants at the restrictive temperature (datasaturation had similar cell sizes (Figure 1A). The mean,
median, and mode cell sizes of the entire mutant popula- not shown). Ccr4-Not complexes functionally and genet-
ically interact with the PKC-MAP kinase pathway [23,tion were plotted, and the smallest 5% and largest 5%
of the mutant population were identified (Figure 1B). 26]. Indicative of a convergence of pathways, several
mutants that function in the PKC-MAP kinase pathwayAltering the rate of cell division can have dramatic
effects on cell size [14]. For example, delaying cell divi- and four genes, HTB1, SPT3, SPT10, and SRM1, that
interact genetically with gene products in Ccr4-Not com-sion indirectly makes cells abnormally large. These
types of mutants would be less informative. To eliminate plexes were identified.
Six whi mutants and one uge mutant involved in signalmutants that act indirectly, the doubling times of all
potential cell size mutants were measured, and mutants transduction were identified (Tables 1 and 2). All seven
of these have putative human homologs (Tables 1 andwith doubling times greater than 130 min were excluded
(see the Supplementary Material available with this arti- 2). The majority of these are associated with the PKC-
MAP kinase signal transduction pathway [23]. BCK1 andcle online). In this manner, 49 cell size mutants were
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Figure 1. Systematic Cell Size Analysis of
Yeast Deletion Strains Grown to Saturation
(A) Statistical determination of whi and uge
mutants. The cell size data from 5553 individ-
ual measurements was used to calculate the
average mean, median, and mode cell sizes.
Standard deviations are also shown. For ref-
erence, the average mean, median, and mode
cell sizes with their standard deviations of 40
independent wild-type colonies are shown.
(B) Cell size distributions of 5553 yeast strain
deletions. For simplicity, the total number of
mutants in a 5 fL window of size is plotted
versus cell volume. The three curves repre-
senting the mean (circles), median (squares),
and mode (triangles) cell sizes are symmetri-
cal and nearly completely superimposable,
with 95% of mutants having cell sizes be-
tween 39.6 fL and 66.0 fL (2 SD of the aver-
age median cell size).
(C) Cell size curves of a whi mutant, ada1, an
uge mutant, spt10, and wild-type cells are
shown.
SLT2 are MAP kinases that interact genetically with four volved in protein synthesis and modification. Finally, an
inositol/phosphatidylinositol phosphatase, SAC1, in-other mutants identified: bck2, cln3, slg1, and whi2 [23].
The Ras signal transduction pathway, which affects volved in phosphotidylinositol-3-OH kinase signaling
was identified [23].the transcription of G1-phase cyclins, has been impli-
cated in the regulation of cell size [27–29]. Several cell
size mutants, slg1, sdc25, cln3, and akr1, appear to Dosage-Dependent Regulation of Cell Size
The most physiologically relevant cell size control genesfunction in this pathway [23]. In addition, a number of
genes involved in transcriptional regulation and chroma- are likely to be those that regulate cell size in a dosage-
dependent manner [4, 7, 12, 19]. Only 5 of 1166 essentialtin remodeling were identified as cell size mutants.
These included nine transcription factors, Ace2, Gal80, genes exhibited dramatic cell size phenotypes as het-
erozygotes in saturated cultures. Of these genes, oneHap2, Hap4, Met32, Pho2, Srb8, Taf14, and Yap3, and
six gene products, Ada1, Asf1, Htb1, Rsc1, Spt3, and encodes a histone, HTB1; one is a GTP exchange factor,
SRM1; one is a component of the 19S regulatory particleSpt10, involved in chromatin assembly and remodeling
(Tables 1 and 2) [23]. Other cell size mutants of interest of the proteasome, RPT2; and two are genes of unknown
function (Tables 1 and 2) [23]. In addition, the size ofinclude three genes, MCK1, RPL34B, and UBP15, in-
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heterozygotes for the remaining mutants was measured
to determine how many affected cell size in a dosage-
dependent manner (Tables 1 and 2). It was found that
30% (6/20) of the whi mutants and 34% (10/29) of the uge
mutants displayed a dosage-dependent effect (Tables
1 and 2).
Cell Size Mutants Modulate “Critical Cell Size”
Commitment to cell division is dependent upon the at-
tainment of a “critical cell size” [5, 7, 12]. Centrifugal
elutriation was used to determine how “critical cell size”
was altered in a subset of our mutants. By monitoring
cell size and cell cycle progress, the “critical cell size”
of six mutants was measured (Figure 2). “Critical cell
size” can be operationally defined as the size at which
50% of cells in a culture have budded. In the three small
cell mutants analyzed, mck1, rip1, and sac1, “critical
cell size” was lowered by 10 fL. This is consistent with
the reduction in “critical cell size” due to overexpression
of Clns [8]. In addition, “critical cell size” rose dramati-
cally (20–60 fL) in three uge mutants, cln3, met32, and
rpt2. These data support the hypothesis that cell size
is modulated in yeast by altering the “critical cell size”
requirement for commitment to cell division.
Cell Cycle Effects of whi and uge Mutants
All four previously known cell size genes, BCK2, CLN3,
WHI2, and WHI3, affect cell size, cell cycle distributions,
and the percent of budded cells in culture [7, 9–12]. To
establish the effect of whi and uge mutants on cell cycle
distributions, the percent of budded and G1-phase cells
in logarithmically growing and saturated cultures was
determined (Tables 1 and 2). Three whi mutants, sac1,
spt3, and rp134B, had considerably fewer 2N cells than
wild-type cells (Table 1). In addition, a number of whi
mutants also had fewer unbudded cells as compared
to wild-type cells (Table 1). This suggests that, in these
mutants, cells might progress past START at a smaller
than normal cell size. Thus, the genes for these mutants
might encode protein products that normally inhibit pro-
gression past START. However, not all whi mutants dis-
played these characteristics. A number of whi mutants
had increased numbers of unbudded cells despite hav-
ing numbers of 2N cells comparable to wild-type cells
(Table 1). In wild-type cells, the initiation of budding and
DNA synthesis are coupled at START. These results
suggest that these whi mutants might uncouple the initi- Figure 2. Cell Size Is Regulated by Changes in “Critical Cell Size”
ation of budding from DNA synthesis. (A) Plots of the percentage of budded cells as a function of cell size:
More than one-third of the uge mutants had increased wild-type cells (circles) and three small cell mutants, mck1 (squares),
rip1 (triangles), and sac1 (diamonds). These data show that each ofnumbers of 2N cells or unbudded cells as compared to
these mutants become 50% budded at55 fL, as compared to65wild-type cells (Table 2). These genes may be necessary
fL for wild-type cells. This reduction in “critical cell size” is consistentto promote progression past Start. However, as was
with that observed in other previously identified whi mutants orthe case with whi mutants, a number of uge mutants
through the overexpression of CLN genes.
displayed characteristics suggestive of uncoupling of (B) Plots of the percentage of budded cells as a function of cell
the initiation of budding from the initiation of DNA repli- size: wild-type cells (circles) and three uge mutants, cln3 (squares),
met32 (triangles), and rpt2 (diamonds). These data show that eachcation. In this case, nearly half of the uge mutants had
of these mutants become 50% budded at 80 fL (met32), 115 fLelevated numbers of budded cells as compared to wild-
(cln3), and120 fL (rpt2), as compared to65 fL for wild-type cells.type cells (Table 2). These results confirm that the major-
These data suggest that cell size is regulated primarily throughity of these mutants disrupt normal cell cycle pro-
changes in “critical cell size.”
gression.
Wild-type cells modulate their size according to
growth conditions. Slowly growing cells tend to be
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smaller than rapidly growing cells [14]. In fission yeast, a long-standing fundamental biological problem whose
significance in normal development and in human dis-wee1 mutants are unable to modulate their size in re-
sponse to a change in environmental conditions, sug- ease is becoming increasingly apparent [2, 16, 17]. Dis-
section of this mechanism has historically been refrac-gesting that wee1 mutants disrupt cells’ nutrient-sens-
ing pathways [30, 31]. Because the mechanism that links tory to genetic analysis, primarily due to the difficulty in
cloning cell size mutants. This problem was circum-nutrient-sensing pathways to cell size homeostasis is
not well understood, we attempted to determine if any vented by using a systematic genetic screen to identify
49 mutants that resulted in abnormally small (whi) ormutants identified here might function in these path-
ways. Thus, the ability of these mutants to modulate their abnormally large (uge) cells (Tables 1 and 2). Impor-
tantly, this set of mutants included three of four pre-size in response to nutrient quality was investigated.
Growth on glycerol decreases the growth rate and the viously known cell size control genes. In addition, 46
new cell size mutants were identified. The gene productssize of wild-type cells (Tables 1 and 2). Nearly all of the
glycerol-grown uge mutants were larger than glycerol- for five of these genes, Ccr4, Hpr1, Paf1, Pop2, and Rlr1,
are components of Ccr4-Not complexes. Deletion ofgrown wild-type cells (Table 2). Moreover, the majority
of uge mutants logarithmically growing in glycerol were these genes results in abnormally large cells. Moreover,
loss of function of three essential gene products, Cdc36,smaller than the same mutants grown in glucose (Table
2). This suggests that these mutants can still modulate Cdc39, and Cdc68, associated with Ccr4-Not com-
plexes results in a dramatic decrease in CLN2 mRNAtheir size in response to changes in nutrient quality. In
contrast, the response of whi mutants to growth on transcription. This suggests that loss of function of Ccr4-
Not complex components may increase the size of cellsglycerol was more complex. Approximately, one-third
of the glycerol-grown whi mutants were smaller, one- via decreases in CLN transcription. Previous studies
have demonstrated that there are complex genetic inter-third were equivalent sized, and one-third were larger
than glycerol-grown wild-type cells (Table 1). In addition, actions between Ccr4-Not complexes and the PKC-
MAP pathway [26, 32, 33]. Loss of function of threea number of whi mutants logarithmically growing in glyc-
erol were larger than comparably growing wild-type cells genes, BCK1, SLG1, and SLT2, that function in the PKC-
MAP kinase pathway results in abnormally small cells.(Table 1). This suggests that these mutants are defective
in their ability to modulate their size in response to The Slt2 MAP kinase phosphorylates the SBF transcrip-
tion factor, which regulates CLN1 and CLN2 transcrip-changes in nutrient quality. Finally, it was found that the
majority of both whi and uge mutants were unable to exit tion [34]. It has been proposed that the PKC-MAP kinase
signal transduction pathway stimulates the transcriptionthe cell cycle appropriately. When grown to saturation,
these mutants arrested with dramatically higher num- of some G1-phase genes [34, 35]. However, the whi
phenotype observed in mutants in the PKC-MAP kinasebers of budded and 4N cells as compared to wild-type
cells (Tables 1 and 2). These results indicate that the pathway is more consistent with the hypothesis that Slt2
phosphorylation of SBF may repress CLN1 and CLN2majority of these mutants disrupt the normal coordina-
tion between cell growth and division and frequently transcription. Because Slg1 is an upstream effector in
the Slt2 pathway, the observation that slg1 mutants ex-disrupt the ability of cells to appropriately modulate their
size in response to changing environmental nutrient hibit phenotypes consistent with Cln hyperactivation
supports the latter hypothesis [36].conditions.
A number of lines of evidence suggest that Clns are
integral to cell size homeostasis [2, 16, 17]. Many of the
Discussion cell size mutants identified here interact genetically with
Clns [23]. For example, the gene products of two uge
Elegant work from Killander, Zetterberg, Hartwell, Mit- mutants, Cln3 and Bck2, alter cell size by regulating
chison, Sudbery, Fantes, Nurse, and colleagues laid the CLN1 and CLN2 transcription [8, 9]. In the case of Cln3,
foundation for the theory that proliferation in most nuclear localization is essential for Cln3 function [37].
eukaryotic cells is dependent upon cell growth [2, 15– In this light, it is interesting to note that deletion of MSN5,
17]. The tethering of proliferation to growth is achieved whose gene product functions in nuclear transport, re-
in yeast by preventing commitment to cell division until sults in abnormally large cells (Table 2) [23]. Since Msn5
a “critical cell size” is attained [4, 5]. Others and we has a role in SBF-regulated transcription and is syntheti-
have shown that cells may use G1-phase cyclins to cally lethal with the deletion of cln1 and cln2, it is possi-
coordinate cell growth with proliferation. However, the ble that Msn5 is involved in the nuclear localization of
molecular details of the mechanism of cell size homeo- Cln3 [23, 37]. Finally, it was found that loss of function of
stasis remain largely undiscovered. For example, it is a glycogen synthase kinase  (GSK-B) homolog, Mck1,
not known how cell growth is regulated, how cell size is resulted in small cells [23]. In mammalian cells, GSK-B
sensed, or how cells use G1-phase cyclins to coordinate regulates the protein stability of mammalian cyclin D, a
cell growth with cell division. More specifically, the con- Cln homolog. Phosphorylation of cyclin D by GSK-B
cept of “critical cell size” has only been operationally greatly destabilizes the protein [38]. If Mck1 functions
defined and needs to be mechanistically explained at similarly in yeast, then mck1 mutants might stabilize
both the molecular and biochemical level. The goal of Cln proteins. This would predictably make cells small.
these present studies was to use a systematic genomic- Detailed mechanistic and genetic studies will be needed
wide screen in yeast to identify the genetic tools neces- to elucidate the functional significance of these observa-
sary to begin answering these questions. tions.
Recently, in a similar systematic cell size screen, Jor-The molecular mechanism of cell size control has been
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gensen et al. identified a number of novel genes involved mitochondrial function, and ribosome biogenesis modu-
late cell size is not well understood. In particular, it isin the coordination of cell growth with division in prolifer-
ating haploid cells [22]. With elegant genetic experi- not known how these pathways affect the expression
and the activity of G1-phase cyclins. Cells can rapidlyments, they demonstrated that a number of their mu-
tants interacted genetically with the transcription adapt to changing environmental conditions and do so
in part by modulating cell size and proliferation rates.factors, SBF and MBF, required for the transcription of
CLN1 and CLN2 [22]. Most importantly, they identified While the relationship between cell size and proliferation
rates is poorly understood, it is likely that each of thea transcription factor, Sfp1, which affects the expression
of genes required for ribosome biogenesis [22]. Despite above-stated pathways is involved in the mechanism
that coordinates cell growth with division. However, thethe elegance of this result, the mechanism whereby ribo-
some biogenesis affects cell size is still not clear. dissection of this mechanism awaits detailed genetic
and biochemical analysis of the newly identified cell sizeIn comparing the two systematic genetic screens,
41% (20/49 total; 17/29 uge mutants and 3/20 whi mu- mutants to reveal and elucidate the significant functional
interactions and relationships. Finally, it is not knowntants) of the cell size mutants reported here were also
identified by Jorgensen et al. [22] (Tables 1 and 2). The how the activity of G1-phase Cdk complexes is modu-
lated or measured. A number of observations suggestmajority of the mutants in common between these two
screens altered cell size in a dosage-dependent manner that the activity of G1-phase Cdk complexes is integral
to cell size homeostasis. To begin to address this ques-(Tables 1 and 2). Several observations point to the com-
plementary nature of these two screens. First, in con- tion, two things need to be accomplished. First, it will
be necessary to identify more G1-phase Cdk substrates.trast to the genetic screen performed by Jorgensen et
al. in which cell size mutants where identified in logarith- Second, proteins that modulate G1-phase Cdk activity
or respond to this activity need to be identified. In thismically growing haploid cells, in the present screen, cell
size mutants were identified in stationary-phase diploid light, it is interesting to note that neither of the system-
atic cell size screens identified protein phosphatasescells. Further, most of the mutants reported here fail to
exit the cell cycle properly and may be involved in nutri- that strongly modulate cell size [22]. This may be due
to functional redundancy of some phosphatases. How-ent sensing (Tables 1 and 2). Second, the stationary
phase-acting WHI2 gene was identified in the current ever, adaptation of recent systematic genetic ap-
proaches should be able to reveal the identity of phos-screen, but not by Jorgensen et al. Similarly, by initially
sizing only saturated cultures, it is likely that some genes phatases that oppose the activity of G1-phase Cdks as
well as the identity of relevant G1-phase Cdk substratesthat function predominately in logarithmically growing
cultures may have been missed in this screen. Moreover, [22, 39]. The identification of these phosphatases and
key substrates will be a major step forward in under-the criteria chosen for the definition of cell size mutants
standing the relationship between nutrient sensing, cell(2 SD) was subjective and does not infer that mutants
growth, and commitment to cell division.with slightly weaker cell size phenotypes are not physio-
logically significant in cell size homeostasis. In fact, it
Conclusionsis likely that many mutants with slightly less dramatic
The regulation of cell division is a fundamental biologicalcell size phenotypes will have physiologically significant
function, and the appropriate coordination of cell growthroles in cell size homeostasis. However, the observation
with cell division is a prerequisite for normal develop-that many mutants identified here affect cell size more
ment and differentiation. Observations suggest that thedrastically than some of the previously known cell size
coordination of cell growth with cell division is essentialmutants affirms the validity of this approach. Thus, the
for cell size homeostasis. Because the relationship be-genes reported here may have a more predominant role
tween cell size and proliferation is not mechanisticallyin the regulation of cell cycle entry and exit rather than
understood, a systematic genomic-wide genetic screencell cycle progression or cell size homeostasis in loga-
in yeast was conducted to identify mutants that disruptrithmically growing cells.
the coordination of cell growth with division. Here, theCell size mutants identified in systematic genomic-
effect of 5958 single gene deletions on cell size in satu-wide genetic screens will provide the cell cycle field with
rated cultures is reported. This study identified 46 newa number of genetic tools necessary for addressing a
genes that function to coordinate cell growth with divi-number of unanswered mechanistic questions about
sion. Of these, 34 are involved in transcription, signalcell size homeostasis. For example, it is not known how
transduction, or cell cycle control, and 88% of these“critical cell size” is measured or how reaching this
genes have putative human homologs. These resultsthreshold promotes commitment to cell division. Cln3
illustrate how systematic genetic screens can be usedand Bck2 promote cell cycle progression by inducing
to dissect intricate biological processes that are refrac-the transcription of G1-phase genes, including CLN1
tory to classic genetic approaches. Using this approach,and CLN2 [8, 9]. This function is essential for cell size
46 new cell size mutants were identified, and the effectcontrol. However, the molecular nature of the transcrip-
of 5958 single gene deletions on cell size as cells exittional activation event is poorly understood. Further
the cell cycle was systematically assessed.analysis of the role of the 18 genes that function as
transcriptional regulators in cell size control may help
Experimental Procedureselucidate the molecular details of “critical cell size” and
the mechanism whereby G1-phase cyclins promote Deletion Strains and Cell Size Analysis
commitment to cell division. In addition, the mechanism The complete set of homozygous and heterozygous S. cerevisiae
deletion strains was obtained from Research Genetics [20]. To iden-whereby nutrient-sensing signal transduction pathways,
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tify new cell size mutants, 3 l of each deletion strain was spotted 23C, and the percentage of budded cells was determined as a
function of cell size and time.onto a GYPD plate in 96 place grids. Colonies were grown to satura-
tion for 4 days at 30C. A small amount from the center of each
colony was resuspended into 0.5 ml water and was briefly sonicated Supplementary Material
to disperse clumps. A total of 10l of each 0.5 ml dilution was added Supplementary Material including the compiled cell size data from
to 10 ml Isoton II (Beckman-Coulter), and size was determined with 5553 yeast deletion strains (Table S1), cell size data from 181 yeast
a Z2 Coulter Counter Channelyzer (Beckman-Coulter). Size data deletion strains that are potential petite mutants (Table S2), and cell
was obtained from 5958 single gene deletion strains (96% of the size data from 224 yeast deletion mutants that failed quality con-
genome), 4792 of which were homozygous diploids and 1166 of trol (Table S3) is available at http://images.cellpress.com/supmat/
which were heterozygous diploids (essential genes). Cell size data supmatin.htm. All deletion stains were grown to saturation as de-
saved in 256 channels was analyzed statistically with Accucomp scribed.
1.0 software (Beckman-Coulter). Statistical analysis was used to
identify two classes of deletions. Mutants that were initially 2 SD
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